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ABSTRACT

The impact of spectral details in the backlight of absorption spectroscopy experiments is

considered. It is shown that experimentally unresolved structure in the backlight spectrum can

introduce significant errors in the inferred transmission. Furthermore, it is shown that a valuable

experimental procedure previously used to test the accuracy of the data fails to reveal these

errors.
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1. INTRODUCTION

The radiative properties of plasmas are of interest in a variety of fields such as astrophysics,

inertial fusion, and x-ray laser production. One experimental technique to study these properties

is absorption spectroscopy [1]. Such experiments have provided valuable data to test plasma

absorption models. For example, large increases in stellar envelope opacities were validated [2]

as well as establishing the need for line-by-line methods in low densities plasmas [3]. The

technique has also been used to infer the temperature of radiatively heated samples [4].

A discussion of an experimental campaign designed to generate quantitative absorption data

was given by Perry et al [5]. Although during that effort backlight sources were studied [6],

details were not discussed. In fact, backlight spectra are not typically discussed or reported in

these experiments (for exceptions see [1,7]). In particular, the backlight typically requires the

high intensity produced by spectral lines rather continua. However, the spectral resolution is

usually insufficient to determine whether the myriad lines are actually merging to form a quasi-

continuum or just experimentally unresolved.

In spite of the difficulties, experiments have in general reported satisfactory agreement

between data and best absorption models. Still, there remain some unexplained discrepancies

[8,9]. If these discrepancies are due to experimental errors, it is imperative to improve the

experimental techniques in future efforts. The purpose here is to consider the effect spectral

details in the backlight may have on the accuracy of the extracted transmission.

2. EXPERIMENTAL METHOD

The absorption experiments use what in principle is a straightforward set up [5]. The

procedure involves backlighting a sample material with intensity Io ν( )  where hν  is the photon

energy. The transmission is then obtained from

T
I

Io
ν

ν
ν

( ) =
( )
( )

(2.1)

where I ν( )  is the attenuated backlight signal through the material.
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In practice, however, the measurements involve an instrument function, g ν( ) , limiting the

spectral resolution. Consequently, the inferred transmission is not that in Eq. (2.1) but rather

T
g I

g It
o

exp
*

*
ν( ) = (2.2)

where the convolution is defined for arbitrary functions g ν( )  and f ν( )  by

g f d g f* = ′ ′( ) − ′( )∫
−∞

∞
ν ν ν ν (2.3)

For clarity, the present discussion neglects other experimental details [5], such as sample

emission, gradients, and background contributions.

In contrast, theoretical models compute the transmission directly and the effects of the

instrument function are simulated by

T g Tth
g

thν( ) = * (2.4)

where the theoretical transmission, Tth ν( ) , is computed from the model photon absorption,

κ νth ( ) , using Beer’s law [1],

T Lth thν ρ κ ν( ) = − ( ){ }exp (2.5)

with ρ  and L  the sample mass density and thickness along the line of sight, respectively.

The agreement between experiment and theory is assessed by comparing T texp  and Tth
g . This

requires that

g T
g I T

g I
o

o
*

*

*
=

( )
(2.6)

which is not generally true. It is approximately satisfied if either T ν( ) or Io ν( )  is a smooth

function relative to the instrument resolution. However, in many cases of interest the absorption

is dominated by spectral lines and the backlight often contain spectral structure.
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3. SIMULATION OF EXPERIMENT

The efficacy of absorption experiments depends on satisfying Eq. (2.6). In order to study this

relationship, an absorption experiment is simulated. That is, the transmission and backlight

spectra as well as the instrument function are generated with computer models followed by a

comparison of the LHS and RHS of Eq. (2.6).

To proceed assume the instrument function is a normalized gaussian,

g ν ν σ
σ π

( ) −( ){ }=
1 2exp (3.1)

Throughout the simulation the instrument function is assigned h h eVgσ σ= =1  representative of

experiments [1,4,5,7,8].

The transmission, Tth ν( ) , is obtained from an aluminum K-shell absorption spectra [10]

computed with the OPAL opacity code [11]. This Al spectrum was previously investigated and

good agreement obtained between theory and experiments [4,12-14].

Typically, the backlight source consists of mid to high Z materials that are heated by a short,

intense laser pulse; thus, they are presently impracticable to model. To simulate a backlight

spectrum, the emission for Fe at stellar envelope conditions [15] was computed with the OPAL

code. The myriad spectral lines in the photon energy range near and below 100 eV were then

artificially shifted to overlap the aluminum K-shell spectrum.

Figure 1 displays the spectrum generated from the Fe emission as described above which was

in addition convolved with a gaussian of h eVσ = 0 1.  to yield Io ν( ) . This convolution is not

associated with the instrument function but rather an arbitrary choice intended to produce a

plausible backlight with spectral structure. For comparison, the figure also displays the simulated

measured backlight intensity,

I g Io
g

oν( ) = * (3.2)

which shows the effect of the instrument function.



- 5 - 5

The simulated measured Al transmission with this backlight and instrument function is

obtained from Eq. (2.2) and is plotted in Fig. 2 along with Tth
g ν( )  of Eq. (2.4). The curves show

poor agreement; consequently, Eq. (2.6) is not satisfied. Note that the simulated measured

backlight intensity, Io
g ν( ) , in Fig. 1 appears sufficiently smooth to produce significantly smaller

errors in the inferred transmission (less than 0.01 [16]). However, that is a false perception

produced by the limited spectral resolution since the true error is significant as shown in Fig. 2.

Also plotted in Fig. 2 is T t
s

exp ν( )  produced by a shifted backlight discussed in Sect. 6.1.

4. ELEMENTARY MODEL

The error in Fig. 2 introduced by the unresolved spectral structure is not easily quantified.

For example, T texp ν( )  overestimates as well as underestimates T
th
g ν( ) . In addition, near regions

of peak absorption the discrepancies can be either small or large. As argued below, the errors

depend on the details of both the backlight and absorption spectra that are sufficiently

complicated in the above simulation to confound analysis.

An elementary example is considered that exemplifies the main consequences of unresolved

spectral details. In this example the sample transmission is defined as

T
otherwise

o o
α ν

α ν ν ν ν
( ) =

− < <

 1

∆
(4.1)

where 0 1≤ ≤α  and ∆ν  is a fixed frequency interval. The backlight intensity, in arbitrary units,

is given by

I

otherwise

o

o oε ν ε

ν ν ν

ν γ ν ν ν γ ν( ) = +

− >

− ≤ ≤ + −( )








0

1

1

1

∆

∆ ∆ (4.2)

where 0 1≤ ≤γ  and ε ≥ 0. Both Tα ν( ) and Iε ν( ) represent a spectral “line” added to a constant

background. A schematic representation of Eqs. (4.1) and (4.2) is provided in Fig. 3.
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Finally, it is assumed that the detector does not resolve photon frequencies in the spectral

range ν ν ν− ≤o ∆ . Consequently, using the backlight Iε ν( ) to measured the transmission of the

sample represented by Tα ν( ) yields

T T Toε εα α δ α( ) = ( ) + ( ) (4.3)

Here, To α( )  is the result using a smooth backlight,

To α
α( ) =

+1
2

(4.4)

The error due to unresolved spectral structure is given by

δ α γ
ε
ε

α
εT ( ) = −( )

+











−







1 2

2
1

2
(4.5)

and vanishes in the limit of a smooth backlight or transmission; that is, ε = 0 or α =1. Although

the experimental resolution is not explicit in Eq. (4.5), it is crucial to the result since it is the

inability to resolve spectral details that introduces errors.

This elementary example provides insight into the problem. For example, the first bracket in

the RHS of Eq. (4.5) represents the degree of “line” coincidence in the transmission and

backlight. Note that for any allowed values of α  and ε

δ α γ

δ α γ

ε

ε

T for

T for

( ) ≥ <

( ) ≤ >

0 1 2

0 1 2

(4.6)

with the crossing at γ =1 2 due to the example specifics. The second bracket describes the

smoothness of the backlight spectrum. It is the ratio of the number of photons in the backlight

“line” to the total number of photons in the backlight. The third bracket describes the smoothness

of the transmission.  Specifically, it is proportional to the difference in the number of photons

transmitted through the background minus those transmitted through the “line” assuming a

smooth (ε = 0) backlight.
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The simplicity of this example allows the factorization of the various error contributions to

the “measured” transmission, which may not be possible in more complicated situations.

Nevertheless, it identifies conditions that can impact absorption spectroscopy experiments.

5. SATURATION EFFECTS

A general feature of absorption spectroscopy is the so-called saturation of the transmission.

Although this is a well-understood phenomenon, it is instructive to review the main results and

observe the effects on the present examples.

The saturation occurs as a result of non-linear behavior and strongly depends on the ratio of

the line widths to experimental spectral resolution [17,18]. The saturation effects can be

experimentally observed by noting that the transmissions of two identical materials of thickness

L  and ′ =L aL are related by Beer’s law,

T L aL L a L T Laν ρ κ ν ρ κ ν ν; exp exp ;′ =( ) = − ′ ( ){ } = − ( ){ } = ( ) (5.1)

Experimentally Eq. (5.1) is not satisfied if the transmission is unresolved and far from unity

(non-linear regime). As a result, the thinner sample typically exhibits larger photon absorption

cross-section [4,8].

Saturation effects for the elementary example of Sect. 4 are given in the Appendix. The

saturation effects for the simulation in Sect. 3 are illustrated in Fig. 4, which displays T Lth
g ν;( ).

In addition, the figure displays similar calculations using half the thickness of Al and the result

squared, T Lth
g ν; 2

2
( ){ } , which tests Eq. (5.1). The discrepancies are a consequence of the limited

resolution. Note that in Fig. 4 there are saturation effects even for transmission values near 0.7.

These are due to line-by-line OPAL calculations, which include individual spectral lines with

widths in the order of a few tenths of an eV [13,14], that produce strong and narrow absorption

features but are smeared by the assumed instrument function.

Although the presence of saturation effects in the transmission does not necessarily

compromise an experiment, it does indicate that care be taken in comparing to theoretical
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models. In particular, the comparisons may require calculations by detailed line accounting

models that can better reproduce the saturation effects resulting from narrow individual lines

rather than statistical models that neglect such spectral details [9,19].

6. EXPERIMENTAL TESTS

In order to increase confidence in absorption spectroscopy measurements in situations where

there is limited spectral resolution, it is essential to develop alternative experimental procedures

that can reveal errors in the extracted transmission. The elementary example in Sect. 4 suggests

two such tests.

6.1 Distinct backlight sources

Equation (4.5) indicates that the error in the inferred transmission is sensitive to the details of

the position and relative strength of the backlight unresolved spectral features. Thus, one

possible test is to use distinct backlight sources and compare the measured transmissions [1,20].

Calculations for the simulated measured transmission using Eq. (2.2) were repeated using a

frequency shifted backlight intensity. That is,

T
g T I

g I
t

s th o
s

o
sexp

*

*
ν( ) =

( )
(6.2)

I Io
s

oν ν δν( ) = +( ) (6.3)

with δν σ= g 2. The results in Fig. 2 comparing Tth
g ν( )  to the two simulated measurements,

T texp ν( )  and T t
s

exp ν( ) , demonstrate the large sensitivity to unresolved spectral details in the

backlight on the inferred transmission. Note that the transmission errors in Fig. 2 imply as much

as a factor-of-two discrepancy in the photon absorption cross-section.

Clearly, absorption experiments based on results from both backlights Io ν( )  and Io
s ν( )

would identify large errors in the inferred transmission. This, as discussed in Sect. 3, would not

be possible by solely relying on the measured backlight intensity, Io
g ν( ) , in Fig. 1.
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6.2 Sample thickness variation

Equation (4.5) also depends on the relative strength of the unresolved features in the

transmission spectrum, which can be varied by changing the sample thickness while still keeping

the photon absorption cross-section unchanged. Thus, the same backlight can be used on

identical materials of different thickness. This technique has proven valuable in ascertaining the

quality of data [4] (e.g., error from background subtractions, emission, gradients in space and

time, etc). However, results from the elementary example in Sect. 4 (see Appendix) suggest that

this procedure may not help identify errors due to unresolved spectral details. This is

demonstrated with the simulation discussed in Sect. 3.

The simulated transmission T Ltexp ;ν( )  is displayed in Fig. 4. Also presented is a similar

calculation, but with the sample thickness halved and the result squared, T Ltexp ;ν 2
2

( ){ } , again

testing Eq. (5.1). Additional analogous calculations are displayed in Fig. 4 using the shifted

backlighter, Io
s ν( ). Although the discrepancies in these two comparisons are similar to the

saturation effects exhibited by comparing T Lth
g ν;( ) and T Lth

g ν; 2
2

( ){ } , neither shows the larger

errors associated with unresolved spectral structure in Fig. 2. Therefore, agreement between

measurements of identical materials of different thickness does not guarantee small errors from

unresolved spectral structure.

7. CONCLUSION

The presence of spectral details in the backlight of absorption spectroscopy experiments was

shown to be a potential source of error in the extracted transmission. That is, whenever the

photon absorption and backlight spectrum contain experimentally unresolved features, the

transmission measurement may be compromised. In view of these findings, it is then important

for future experiments to minimize the impact on the inferred transmission due to spectral

structure in the backlight. It may be difficult to accomplish this directly since the available

spectral resolution may be inadequate. It is then necessary to find alternative experimental

procedures to identify possible errors from unresolved backlight structure.
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One possible method is to backlight a sample with distinct sources [1,20]. Good agreement

between the resulting transmissions would increase the confidence of the measurements. On the

other hand, the otherwise valuable test using identical materials of different thickness fails to

exhibit errors from unresolved backlight spectral structure. It is possible that such errors are

responsible for unexplained discrepancies between models and experiments [8,9].

Acknowledgments: It is a pleasure to recognize valuable discussions with Mark E. Foord and

Richard W. Lee. Work performed under the auspices of the US Department of Energy by

UC, Lawrence Livermore National Laboratory under Contract W-7405-Eng-48.
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Appendix

This Appendix uses the elementary example of Sect. 4 to examine if the transmissions from

identical materials of different thickness can exhibit errors due to unresolved structure in the

backlight spectrum.

To proceed, consider a material with thickness L  and transmission given by Eq. (4.1). Also

consider a second sample of identical material but with thickness ′ =L L2 . The choice for ′L

allows straightforward algebra to compute the discrepancy in Eq. (5.1). That is, using Eq. (4.3)

get

∆ε ε ε εα α α
α

δ α( ) = ( ) − ( ) =
−







 − ( )T T T2 2

2
21

2
(A.1)

Saturation effects, independent of backlight structure, can be readily identified by considering

Eq. (A.1) for a smooth (ε = 0) backlight. That is,

∆ε α
α

= ( ) =
−







o

1
2

2
(A.2)

and only vanishes for zero photon absorption (α =1).

Errors due to unresolved backlight structure can be isolate from saturation effects by

rewriting Eq. (A.1) in terms of α  independent quantities. That is, define δ εT 0( ) and ∆ε 0( )  by

δ α
α

δε εT T( ) =
−







 ( )1

2
0 (A.3)

∆ ∆ε εα
α( ) =

−







 ( )1

2
0

2
(A.4)

to yield

δ ε εT 0 1 0( ) = − ( )∆ (A.5)

It follows that the discrepancy ∆ε α( )  is not a good indicator of the error δ αεT ( ).
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FIGURE CAPTIONS

Fig. 1 – Simulated backlight intensity in arbitrary units as function of photon energy:

Io ν( )  (solid) and Io
g ν( )  (heavy solid).

Fig. 2 – Simulated transmission as function of photon energy: Tth
g ν( )  (solid), T texp ν( )  (short-

dash), and T t
s

exp ν( )  (long-dash).

Fig. 3 – Schematic representation of Eqs. (4.1) and (4.2)

Fig. 4 – Simulated tests of Eq. (5.1) as function of photon energy:

T Lth
g ν;( ) (solid) and T Lth

g ν; 2
2

( ){ }  (dash);

T Ltexp ;ν( )  (solid) and T Ltexp ;ν 2
2

( ){ }  (dash) shifted by 0.5;

T Lt
s

exp ;ν( )  (solid) and T L
t

s
exp

;ν 2
2

( )








 (dash) shifted by 1.0.
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Fig. 3
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